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In a series of studies to more precisely localize the cellular sites of expression of the cyclin-dependent kinase (Cdk) family
members in reproductive organs, we observed a striking expression of Cdk5 in atretic follicles in the ovary, particularly
in granulosa cells that appeared to be dying. We determined that these granulosa cells were undergoing apoptotic cell death
using the in situ DNA fragmentation assay. To extend the generality of the association of Cdk5 with apoptotic cells, we
examined its expression as it correlated with the detection of apoptosis in a number of developmental paradigms, including
regions of the embryonic nervous system, the developing eye, and the developing limb. Finally, the association of apoptosis
and Cdk5 expression and associated kinase activity was examined in the limb and in an induced cell death system, that
of androgen withdrawal-induced regression of the prostate gland in male mice. These observations provide new insight
into the possible function of this novel Cdk during both differentiation and apoptotic cell death. q 1997 Academic Press
INTRODUCTION of Cdk5 in the other tissues in which it is expressed has
not yet been characterized.
Cyclin-dependent kinase 5 (Cdk5) was originally identi- As part of ongoing efforts to examine the role of known
®ed by virtue of its structural homology to human Cdc2, cell cycle regulating genes in the control of the mitotic and
the human homologue of the cdc2 gene of Schizosaccharo- meiotic cell divisions that characterize mammalian germ
myces pombe, a key regulator of cell cycle progression cell development, we studied the expression of Cdk5 in
(Meyerson et al., 1992). Cdk5 is highly conserved among adult mouse gonads. We report here our observation of high
vertebrates, with the human, cow, rat, and mouse Cdk5's, levels of expression of Cdk5 in granulosa cells of follicles
sharing greater than 99% identity at the amino acid level that were undergoing atresia by apoptosis. To extend the
(Lew et al., 1992; Hellmich et al., 1992). Although it is a generality of the association of Cdk5 with cells undergoing
member of the Cdk class of catalytic subunits which are apoptotic cell death, we examined the expression of Cdk5
involved in cell cycle regulation, Cdk5 has been shown to as it correlated with the detection of apoptosis in other
be expressed in the embryonic nervous system, in cells that experimental paradigms in developing and adult tissues.
are not proliferating but rather are differentiating (Tsai et These included apoptosis in regions of the embryonic ner-
al., 1993; Ino et al., 1994). Cdk5 is also expressed in adult vous system, in the developing eye and limb, and in the
tissues, with highest levels detected in the brain and testis involuting prostate gland of adult mice in which androgens
and lower levels detected in ovary and kidney (Meyerson et have been withdrawn. Finally, the association of apoptosis
al., 1992; Ino et al., 1994). Cdk5 histone H1 kinase activity and Cdk5 kinase activity was examined in the involuting
has been detected only in the brain, in both the embryo and prostate and the embryonic limb bud.
adult (Tsai et al., 1993). Although designated as a Cdk, no
cyclin has as yet been shown to associate and activate Cdk5 MATERIALS AND METHODS
in vivo. Rather, a brain-speci®c protein named p35 has been
identi®ed and shown to display a regulatory activating func- Source of tissues. Swiss Webster mice obtained from Charles
River (Wilmington, DE) were used as the source of adult ovaries,tion to Cdk5 (Tsai et al., 1994). The regulation and function
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embryos, and prostates. Ovaries were obtained from mice older mounting media (Baxter, Inc.). For negative controls, the sections
were incubated by omitting TDT.than 21 days. Embryos were collected at the days noted (Day 0.5
Western blot analysis. Ventral prostates were collected at vari-postcoitum (pc) being the day the vaginal plug is detected). Ventral
ous times after castration and processed in lysis buffer (50 mMprostate glands of adult mice were collected at various times after
Tris, pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate,castration as indicated in the ®gures, as described by Winer and
0.15% SDS, 0.1 mM sodium vanadate, 1 mM DTT, 20 mM b-Wolgemuth (1995).
glycerophosphate, 2 mM EDTA, 1 mg/ml aprotinin, 100 mg/ml phe-Source of reagents. Af®nity-puri®ed rabbit polyclonal antibod-
nylmethylsulfonyl ¯uoride, 10 mg/ml leupeptin). The lysates wereies to Cdk5 (catalogue No. sc-173) and control peptide (catalogue
cleared by centrifugation, and the protein concentrations of theNo. sc-173P) were purchased from Santa Cruz Biotechnology, Inc.,
lysates were determined by the Bradford assay (Bradford, 1976).California. Antibodies were used at 2 mg/ml. A second polyclonal
Equal amounts of protein lysates were run on SDS±polyacrylamiderabbit anti-human cdk5 antiserum which is speci®c against a syn-
gels and blotted onto nitrocellulose membranes. The blots werethetic peptide unique to the C-terminusus of human Cdk5 was
blocked for 2 hr in Blotto [6% nonfat dry milk in Tris-bufferedpurchased from Pharminogen, Inc. (catalogue No. 15166E), and
saline (11 TBS: 20 mM Tris, pH 7.5, 150 mM NaCl)] at RT andused at 2±3 mg/ml.
then incubated with the primary antibody in Blotto for 2 hr atAf®nity-puri®ed rabbit polyclonal antibodies to human Cdk2
RT. After a wash, the blots were incubated with goat anti-rabbitand mouse Cdc2 were purchased from Upstate Biotechnology Inc.
conjugated to horseradish peroxidase for 1 hr at RT, followed by(NY, catalogue Nos. 06-148 and 06-194, respectively) and used at
washing. The immune complexes were detected with an enhanced5±8 mg/ml.
chemiluminescence kit (ECL kit, Amersham, Chicago, IL) and ex-Tissue preparation and immunocytochemistry (IHC). Tissue
posed to autoradiographic ®lm.samples were ®xed in 4% buffered paraformadehyde and embedded
In vitro histone H1 kinase assays. Cdk5 kinase activity wasin processed by our standard methods for either paraf®n sectioning
assayed essentially as described by Matsushime et al. (1994) and(Chapman and Wolgemuth, 1994a) or in OCT compound for frozen
Chapman and Wolgemuth (1994b). Equal amounts of lysates fromsectioning (Zakeri et al., 1994).
prostates and embryonic limbs were used for af®nity puri®cationThe avidin-biotinylated±peroxidase complex (ABC) was used for
of kinase and subsequent histone H1 kinase analyses. The lysatesimmunocytochemistry (Vectastain ABC kit, Vector Laboratory,
were incubated with 1.5 mg/ml Cdk5 antibody (C-8) for 1 hr at 47C.Burlingame, CA). Prior to incubation with the primary antibody,
Immune complexes were then puri®ed by the addition of proteinrehydrated sections were ®rst microwaved for 10 min in 0.01 M
A±Sepharose (Pharmacia, Piscataway, NJ). The precipitated beadscitric acid and then washed twice with double distilled water (Shi
were equilibrated in kinase buffer (50 mM Tris, pH 7.5, 10 mMet al., 1991). Endogenous peroxidase activity was abolished by incu-
MgCl, 1 mM DTT, 20 mM EGTA, 0.1 mM sodium vanadate, 80bating sections in methanol containing 0.3% peroxide for 20 min.
mM b-glycerophosphate) and collected by centrifugation. HistoneAfter a wash with 11 PBST, sections were blocked by preincubating
H1 kinase reactions were performed in kinase buffer with the addi-with blocking solution: 3% normal goat serum in 11 PBST for 1
tion of 0.1 mCi/ml [g-32P]ATP (6000 Ci/mM), 10 mM ATP, 50 mg/hr at room temperature (RT). Sections were incubated with primary
ml calf thymus histone kinase H1 (Boehringer, Indianapolis, IN),antibody at 47C overnight. The sections were rinsed with 11 PBST
and 5 mM cAMP-dependent protein kinase inhibitor (Sigma, St.three times, followed by incubation with biotinylated horse anti-
Louis, MO) at 307C for 30 min. An equal amount of 21 samplerabbit IgG (1:200) for 2 hr at RT. After a wash, the sections were
buffer (Laemmli, 1970) was added to each sample. Samples were
incubated in ABC reagent in 11 PBST for 2 hr at RT, followed by
denatured at 1007C for 2 min prior to SDS±PAGE. Following elec-
a wash in 11 PBST. Sections were then equilibrated in 0.1 M Tris,
trophoresis, gels were ®xed, dried, and exposed to Kodak XAR ®lm.
pH 7.2, for 5 min. Immunostaining was visualized using 0.2 mg/
Radioactivity incorporated into labeled substrates was measured
ml diaminobenzadine and 0.01% hydrogen peroxide in 0.1 M Tris,
by liquid scintillation of the excised bands.
pH 7.2. The sections were counterstained with hematoxylin and
coverslipped using Protexx mounting media (Baxter, Inc., Deer®eld,
IL). For control, the slides were incubated with normal rabbit IgG (2
RESULTSmg/ml). Slides were viewed on Leitz photomicroscope under bright-
®eld optics and photomicrographs were taken with Fuji 100 ®lm.
For the colocalization of Cdk5 and fragmented DNA, sections from Localization of Cdk5 in Atretic Ovarian Follicles
Embryonic Day 14.5 hindlimb were ®rst treated with the anti-Cdk5
In a series of experiments to determine the cellular local-antibody and then incubated with anti-rabbit IgG conjugated with
ization of Cdk5 in the adult ovary, we observed an intensealkaline phosphatase. The results were visualized by adding BCIP/
staining in a subset of follicular cells in what appeared toNBT which gives a blue color. Subsequently, the sections were treated
with the DNA end-labeling procedure described below. be degenerating or atretic follicles (Figs. 1A and 1B). The
In situ detection of apoptosis by DNA nick end labeling. In speci®city of the antisera for detecting Cdk5 was assessed
situ detection of DNA fragmentation was performed using the by competing the antisera with the peptide against which
ApopTag kit (Oncor, Gaithersburg, MD) essentially as described by it was raised, resulting in almost complete elimination of
Zakeri et al. (1994). Brie¯y, the slides were pretreated with terminal detection of Cdk5 (Fig. 1C).
deoxynucleotidyltransferase (TDT) buffer for 10 min at RT and The molecular mechanisms involved with atresia in
then incubated with TDT for 1 hr at 377C in humidi®ed chamber.
mammalian follicles have been studied in several speciesAfter the slides were washed three times with 11 PBS for 5 min
and have been shown to involve apoptotic cell death (Tillyeach at RT, they were incubated with digoxygenin±peroxidase for
et al., 1991; Palumbo and Yeh, 1994; Hsueh et al., 1994).30 min at RT. The slides were washed again with 11 PBS and then
Apoptosis is a form of physiological cell death, character-incubated with 0.8 mg/ml diaminobenzadine and 0.01% hydrogen
ized by chromatin condensation, cytoplasmic blebbing, andperoxide in 0.1 M Tris, pH 7.2. The sections were counterstained
with hematoxylin or methyl green and coverslipped using Protexx DNA fragmentation (Wyllie et al., 1984; Collins et al., 1992;
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Compton, 1992; Zakeri et al., 1993, 1995a). We therefore fragmentation assay revealed that a similar subset of cells
were also undergoing chromatin fragmentation typical ofcon®rmed the apoptotic nature of the Cdk5-expressing cells
by in situ detection of the fragmented nuclear DNA (Gav- apopotically dying cells (Figs. 2C and 2G).
rieli et al., 1992; Zakeri et al., 1994) on near serial sections To determine whether Cdk5 was localizing to neuronal
of the same ovary. Follicles that appeared atretic and which cells within the peripheral nervous system, as had been
contained granulosa cells staining intensely for Cdk5 pro- shown in the central nervous system (Tsai et al., 1993),
tein were also positive in the DNA fragmentation assay sections were incubated with anti-peripherin antibodies
(Fig. 1D). (Portier et al., 1983). A similar pattern of localization was
To determine if the correlation of Cdk5 expression in observed for both the diffuse Cdk5 staining and for periph-
cells that were undergoing apoptosis was characteristic of erin (data not shown). Some but not all of the cells that
other members of the Cdk family or was unique to Cdk5, exhibited the intense focal Cdk5 staining pattern were also
we examined the expression of Cdc2 and Cdk2 which is 58 positive for peripherin (data not shown), suggesting that at
and 62%, respectively, identical to Cdk5 (Meyerson et al., least some of these dying cells are neuronal. This is not
1992), in near serial sections of ovary. Although Cdc2 pro- surprising since both neurons and glia in the ganglia have
tein was also expressed within the atretic follicles, speci®c been reported to undergo cell death as a normal part of
localization was not found in the dying cells in these folli- embryonic development (Knapp et al., 1986; Pannese and
cles (Fig. 1E). Cdk2 protein was not detected at signi®cant Ferranini, 1967). Whether the perpherin-negative, intensely
levels in any of the follicular cell types (Fig. 1F). Thus, the Cdk5-positive staining cells are glial remains to be deter-
association of Cdk5 and apoptotic cell death in granulosa mined.
cells of atretic follicles is not a general property of the Cdks. As noted above, Cdk5 localization in the brain had been
studied previously, using a different antibody that is no
longer available (L. Tsai, personal communication), but no
Correlation of Cdk5 and Apoptosis in Various mention of this intense staining of a subset of cells had
Developmental Systems in Which Apoptotic Cell been made (Tsai et al., 1993). We therefore wished to know
Death Occurs whether this unique staining pattern we observed would be
detectable with other currently available Cdk5 antisera.To pursue the generality of this association, we examined
The antisera used in the above experiments (antiserum C-the expression of Cdk5 in other experimental paradigms,
8; see Materials and Methods) is a polyclonal antibody gen-particularly during development, in which apoptotic cell
erated against the peptide YFSDFCPP (representing aminodeath is known to occur (Hinchliffe, 1981; Coucouvanis et
acids 284±291 of human Cdk5; the same amino acids areal., 1995). Furthermore, because Cdk5 had previously been
present in the mouse protein). Antibodies against the identi-shown to be expressed in neuronal cells in the developing
cal peptide obtained from another source (Pharminogen,and adult central nervous system (Tsai et al., 1993), we
Inc.) revealed both the diffuse and intense staining distribu-sought to examine this localization more precisely, particu-
tion (Figs. 2D and 2H), exactly as the antibody obtainedlarly as it correlated with apoptotic cell death. For this anal-
from Santa Cruz, Inc. (Figs. 2B and 2F).ysis, we examined regions of the developing nervous system
Other regions of the embryo in which neuronal cells arein midgestation mouse embryos for the presence of Cdk5
found, including parts of the eye, were also examined.and, in adjacent sections, for staining with the DNA frag-
Again, a correlation between the presence of apoptotic cellmentation assay. In Fig. 2, two regions of the nervous sys-
death detected by the DNA frgamentation assay and thetem, the dorsal root ganglia and the trigeminal ganglia, are
detection of intense Cdk5 staining was observed in a subsetshown. Both structures have been shown by other investiga-
of cells within the neuronal retina (Figs. 3A, 3B, and 3C).tors to contain a subset of cells undergoing apoptotic cell
This association was not limited to cells of neuronal origin,death (reviewed in Hamburger and Oppenheim, 1982; Op-
as a subset of mesenchymal cells in the developing eye ofpenheim, 1991; Coucouvanis et al., 1995). It can be seen
Day 12.5 embryos also stained positive for Cdk5 proteinthat while most of the cells in these ganglia are positive
and were positive for the DNA frgamentation assay (Figs.for localization of Cdk5 in what appears to be a diffuse
3B and 3C).distribution, a small subset of cells also exhibited an intense
We then turned to perhaps one of the best characterizedfocal distribution of Cdk5 immunoreactivity (Figs. 2A and
2B, 2E and 2F). Treatment of adjacent sections for the DNA model systems for studying apoptotic cell death during nor-
FIG. 1. Localization of Cdk5 expression and apoptotic cell death in atretic mouse ovarian follicles. Near serial sections of paraf®n-
embedded adult mouse ovaries were exposed to antibodies as noted or processed for in situ detection of DNA fragmentation as described
under Materials and Methods and counterstained with hematoxylin. (A, B) Cdk5 antibody (No. sc-173). The portion of the follicle in A
that is enlarged in B is outlined. The arrows in B indicate some of the Cdk5-positive cells; (C) Cdk5 antibody preincubated with Cdk5
control peptide; (D) sections were assayed for DNA fragmentation. The arrows indicate some of the positively labeled cells; (E) Cdc2
antibody; (F) Cdk2 antibody. The arrows in C, E, and F indicate some of the cells which appear to be apoptotic but which do not stain
for Cdk5 plus control peptides, Cdc2, and Cdk2, respectively. Bars indicate 100 mm (A, C±F) and 50 mm (B).
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mal development, that of the interdigital zone of the mid- using the DNA fragmentation assay. As shown in Fig. 6,
only an occasional cell displayed the intense Cdk5 staininggestation vertebrate limb (Hinchliffe, 1982; Zakeri et al.,
1994). Serial sections of Embryonic Day 14.5 mouse hind- (Fig. 6A) or were positive for the DNA fragmentation assay
(Fig. 6E) in the prostates of mice at Day 0 or 1 (data notlimbs were stained for the presence of Cdk5 using antibod-
ies or were subjected to the DNA fragmentation assay. shown) after castration. An increase in the number of cells
exhibiting intense focal Cdk5 staining and yielding a posi-Again, there was a striking correlation between the presence
of Cdk5 and DNA fragmentation in the apoptotic cells (Figs. tive DNA fragmentation assay was most apparent at Day 3
after castration (Figs. 6B, 6D and 6F, 6H) and declined by3D, 3E, and 3F). To examine the extent to which Cdk5 and
DNA fragmentation occurred in the same cells, we exposed Day 5 (data not shown). The peak of Cdk5 localization and
DNA fragmentation at Day 3 was concomitant with thesections from Day 14.5 embryonic hindlimb buds ®rst to
anti-Cdk5 antibodies and then to the DNA fragmentation highest levels of Cdk5 detected by immunoblotting (Fig.
5B). By Day 10 after castration, again only an occasionalassay (Fig. 4). Positive (either Cdk5 or DNA fragmentation)
cells in the interdigital zone were identi®ed and then scored cell exhibited the Cdk5 staining and DNA fragmentation
assay staining, while the morphology of the prostate epithe-as Cdk5-positive (14%), DNA fragmentation-positive
(7%), or both (79%). Whether this proportion of colocal- lium was drastically altered (Figs. 6C and 6G). In one of the
experiments, serial sections were obtained and examinedization is typical of the various developmental systems re-
mains to be determined. for localization of Cdk5 protein by immunohistochemistry
or used for the in situ DNA fragmentation assay (Figs. 6D
and 6H). The cell indicated by the white arrows in Figs. 6D
Cdk5 Expression during Prostate Regression after and 6H is positive for both Cdk5 and for DNA fragmenta-
Androgen Withdrawal tion. Although the concurrent localization does not delin-
eate the precise temporal relationship between these twoAlthough apoptotic cell death in atretric follicles in the
events, it suggests that the two events are not widely sepa-ovary and in the various developmental systems described
rated in time.above have been well documented (e.g., Hseuh et al., 1994;
Zakeri and Ahuja, 1994; Coucouvanis et al., 1995), the sig-
nals triggering this cellular phenomenon have not been elu- Correlation of Cdk5 Kinase Activity with
cidated. We therefore then examined a model in which Apoptosis
apoptotic cell death is induced in response to known factors.
Maintenance of the prostate gland in adult males requires We next wished to determine whether Cdk5 kinase activ-
ity could be detected in the samples that had the intensea continuous source of androgens; castration results in the
regression of the epithelial compartment of the prostate, a immunoreactivity and positive DNA fragmentation. We
chose to perform this analysis in the androgen-withdrawnprocess known as involution (Helminen and Ericsson, 1972;
Lee, 1981). This regression is accompanied by death of the regressing prostate and embryonic limb model systems be-
cause these tissues could be dissected more easily for subse-epithelial cells (English et al., 1987), via apoptotic mecha-
nisms (Kerr and Searle, 1973; Colombel and Buttyan, 1995). quent biochemical analysis. Lysates of prostates at Days 0,
3, and 10 after castration and of embryonic hindlimbs atWe therefore performed experiments in which the testes
of adult male mice were removed and the prostates were Days 12.5 and 14.5 were examined for Cdk5-associated ki-
nase activity in an in vitro assay using histone H1 as aexamined at various days after castration, following proce-
dures and time courses previously reported in the rat (Kerr substrate (Tsai et al., 1993). The immunoprecipitates re-
vealed a basal level of kinase activity in both the Day 0and Searle, 1973; Colombel and Buttyan, 1995). Figure 5A
depicts the changes in weight of and Fig. 5B shows the levels prostate gland as well as in the Embryonic Day 12.5 hind-
limb (Figs. 7A and 7B). The levels of Cdk5 kinase activityof Cdk5 protein in dissected ventral lobes of the prostate
gland at various days ofter orchidectomy in a typical experi- were estimated to increase approximately twofold in the
prostate 3 days after castration, as assessed by scintillationment. The weight of the ventral lobe of the prostate de-
creased after castration, while the levels of Cdk5 protein counting of the radioactivity in the immunoprecipitated
complexes. By Day 10 after castration, the levels of Cdk5increased, peaking at Day 3 after castration. Ventral lobes
of the prostate were collected at Days 0, 1, 3, 5, 7, and 10 kinase activity continued to decline, concomitantly with a
decreased number of dying cells. The apoptotic cell deathafter castration and prepared for histological sections. Serial
sections were stained for localization of Cdk5 and examined that is present at Embryonic Day 12.5 in the hindlimb in-
FIG. 2. Correlation of Cdk5 expression and apoptotic cell death in mouse embryonic dorsal root ganglia (DRG) and trigeminal ganglia
(TG). Paraf®n-embedded sections were prepared from specimens collected from mouse Embryonic Day 14.5 and treated with antibodies
as noted or assayed for DNA fragmentation. Cdk5 localization with cdk5 antibody (No. sc-173) by IHC in DRG (A and B; indicated by
arrowheads in A) and TG (E and F; indicated by tg in E). Sections of DRG (C) or TG (G) subjected to DNA fragmentation assay. Sections
of DRG (D) or TG (H) stained with a second polyclonal Cdk5 antibody (Pharminogen, Inc.). Black arrows in A indicate cartilage. White
arrows in B, C, F, and G indicate some of the dying cells. Bars indicate 200 mm (A and E) and 100 mm (B±D and F±H).
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FIG. 4. Colocalization of Cdk5 and fragmented DNA in cells in the interdigital zone of embryonic mouse limb. Paraf®n-embedded
sections from Day 14.5 embryonic hindlimb were ®rst processed for Cdk5 localization (positive is blue color) and then subjected to DNA
fragmentation assay (positive is intense brown color). The arrowhead indicates one of the cells positive for Cdk5 expression and DNA
fragmentation. Bar indicates 50 mm.
creases in the Day 14.5 limb; concomitantly, an approxi-
mately 3.4-fold increase in Cdk5 activity was observed (Figs.
7A and 7B).
DISCUSSION
The normal development of organs involves cell prolifera-
tion, differentiation, and death. Developmental cell death,
often referred to as programmed cell death, is under genetic
control and is in part associated with a morphology that is
characterized as apoptotic (e.g., Hinchliffe, 1981; Ojeda and
Hurle, 1981; Sengelaub and Finlay, 1982; Ellis et al., 1991;
Zakeri and Ahuja, 1994). Apoptosis is a cell-speci®c event
involving nonin¯ammatory shrinkage and fragmentation of
the cytoplasm and condensation of the chromatin. The
chromatin condensation is accompanied by double-
stranded cleavage of nuclear DNA at the linker regions be-
tween nucleosomes, producing oligonucleosome fragments
FIG. 3. Localization of Cdk5 and apoptotic cell death in mouse em-
bryonic eyes and limbs. Frozen sections from Day 12.5 embryonic eyes
(A, B, C) and Day 14.5 embryonic hindlimbs (D, E, F) were stained FIG. 5. (A) Changes in the weight of ventral prostate glands fol-
lowing orchidectomy. Data were expressed as percentages of totalwith Cdk5 antibody (C-8) (A, B, D, E) or were subjected to the DNA
fragmentation assay (C, F). The arrows in D indicate interdigital regions body weights and plotted against time after castration. (B) Immu-
noblot detection of Cdk5 protein in ventral prostate glands follow-of the developing limb. Bars indicate 100 mm (A, B, C, E, and F) and
200 mm (D). ing orchidectomy at various days as indicated.
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and Reed, 1992), the ICE protease family (Miura et al., 1993;
Nicholson et al., 1995), and early-response genes such as c-
fos, c-myc, and c-jun (Ferguson, 1993; Smeyne et al., 1993;
Schlingensiepen et al., 1994; Packham and Cleveland,
1995).
A possible role for cell cycle genes in apoptosis has been
suggested (Shi et al., 1994; Meikrantz et al., 1994; Herrup
and Busser, 1995) but only very limited data have been ob-
tained to support this notion. Cyclins and their catalytic
subunits, the cyclin-dependent kinases (Cdks) are required
for the normal progression of the cell cycle (reviewed in
Pines, 1993; 1995; Sherr, 1993). In one study, the onset of
apoptosis in lymphoma cells via granzyme b (a granule pro-
tease released by cytotoxic T lymphocytes) is associated
with premature activation of the Cdc2 kinase p34 (Shi et
al., 1994). Cyclin A-associated Cdk activity has also been
found in a T-cell line undergoing apoptosis mediated by
the HIV-1 transactivator protein, Tat (Li et al., 1995). This
activity has been shown to not be associated with cell cycle
progression (Li et al., 1995). Furthermore, stable overex-
pression of bcl-2 has been shown to suppress the levels of
Cdc2 and Cdk2 as well as to suppress apoptosis in HeLa
FIG. 7. Histone H1 kinase activity in immunoprecipitates of cells (Meikrantz et al., 1994). These observations, although
Cdk5 from ventral prostate and embryonc limbs. Tissue lysates limited, suggest that deregulation of Cdks may result in
were prepared from mouse prostate tissues at Day 0 (p0), Day 3
apoptosis. However, these studies have been restricted to(p3), and Day 10 (p10) postcastration and mouse embryonic limb
cell culture systems. To our knowledge, the observationsbuds at Day 12.5 (L12.5) and Day 14.5 (L14.5). Immunoprecipitation
presented in this study are the ®rst to correlate the expres-of the lysates was carried out with anti-Cdk5 antibody (C-8). The
sion of a cell cycle gene (Cdk5) and apoptosis in vivo, inimmune complexes were then incubated in kinase buffer con-
taining [g-32P]ATP and histone H1 to assess kinase activity. Sam- models in which programmed cell death plays an important
ples were separated on denaturing gels as described under Materials role during dvelopment and in tissue remodeling.
and Methods. (A) Immunoblot from a representative experiment; It had previously been shown that Cdk5 was expressed
(B) radioactivity incorporated into the labeled substrate was mea- at highest levels in the adult mouse brain and testis and at
sured by liquid scintillation of the excised bands and expressed as
lower levels in several other tissues (Meyerson et al., 1992;a percentage of activity compared to the starting levels (p0 and
Tsai et al., 1993; Ino et al., 1994). Analysis of Cdk5 expres-L12.5 were expressed as 100%). Each value represents the mean of
sion in the embryonic mouse nervous system, notably theduplicates.
forebrain, at the immunohisotchemical level showed its lo-
calization in postmitotic neurons but not in glial cells or
mitotically active cells (Tsai et al., 1993).(Collins et al., 1992; Compton, 1992; Zakeri et al., 1993).
The present study in part con®rms the ®nding of Cdk5These fragments can be detected electrophorectically and
expression in neuronal cells in the embryonic nervous sys-by a terminal transferase-based assay in situ as well (Gav-
tem (Tsai et al., 1993) but reveals an additional level ofrielli et al., 1992; Zakeri et al., 1994). This latter assay per-
complexity of Cdk5 expression that was apparently pre-mits the identi®cation of apoptosis in individual cells.
viously either not detected or overlooked. Cdk5 is expressedThe onset and progression of apoptotic cell death has been
in neurons of both the central and peripheral nervous sys-shown in several situations to depend on RNA and protein
tems. Furthermore, in both the dorsal root and trigeminalsynthesis in the dying cells and thus possibly on the expres-
ganglia, an intense focal staining for Cdk5 was observed insion of speci®c genes (Tata, 1966; Lockshin, 1969; Munck,
cells that appeared to be undergoing apoptotic cell death,1971; Martin et al., 1988; Lockshin and Zakeri, 1992; Zakeri
as assayed by the DNA fragmentation assay. The detectionet al., 1995b). Several genes have been shown to be associ-
of Cdk5 in apoptotic cells of the peripheral ganglia was notated with the activation of or protection from cell death,
including the bcl-2 gene family (Vaux et al., 1988; Miyashita unique to embryonic developmentÐa similar but some-
FIG. 6. Detection of Cdk5 protein and DNA fragmentation in mouse ventral prostate following orchidectomy. Paraf®n-embedded sections
collected from prostate glands at Day 0 (A), Day 3 (B), and Day 10 (C) after castration were incubated with Cdk5 antibody (No. sc-173).
Adjacent sections were used for DNA fragmentation assays: Day 0 (E), Day 3 (F), and Day 10 (G) after castration. The areas in B and F
that are enlarged in D and H, respectively are outlined. The arrows in D and H indicate some of the positively staining cells; arrowheads
indicate a cell positive for both assays. Bars indicate 100 mm (A±C, E±G) and 50 mm (D and H).
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somatic cells suggests both proliferation-dependent and -independentwhat less intense localization of Cdk5 in DNA fragmenta-
modes of function. Int. J. Dev. Biol. 38, 491±497.tion-positive cells was also observed in ganglia of Postnatal
Chapman, D. L., and Wolgemuth, D. J. (1994b). Regulation of M-Day 4.5 and adult animals (data not shown).
phase promoting factor activity during development of mouseIn addition, it had previously been reported that while
male germ cells. Dev. Biol. 165, 500±506.Cdk5 protein could be detected in several adult tissues, its
Collins, R. J., Harmon, B. V., Gobe, G. C., and Kerr, J. F. R. (1992).
kinase activity was only detected in embryonic and adult Internucleosomal DNA cleavage should not be the sole criterion
brain (Tsai et al., 1993). However, in the present study, low for identifying apoptosis. Int. J. Radiat. Biol. 61, 451±453.
but clearly detectable Cdk5-associated kinase activity was Colombel, M. C., and Buttyan, R. (1995). Hormonal control of
detected in the adult prostate and Embryonic Day 12.5 limb. apoptosis: The rat prostate gland as a model system. Methods
These levels of kinase activity increased comcomitantly Cell Biol. 46, 369 ±385.
Compton, M. M. (1992). A biochemical hallmark of apoptosis: In-with the increase in apoptotic cells in the tissues.
ternucleosomal degradation of the genome. Cancer MetastasisThe notion that there are common regulators of cell divi-
Rev. 11, 105 ±119.sion, cell differentiation, and cell death is intriguing. Our
Coucouvanis, E. C., Martin, G. R., and Nadeau, J. H. (1995). Geneticresults suggest a possible role for one of the Cdks, Cdk5,
approaches for studying programmed cell death during develop-in apoptosis and previous results suggested its function in
ment of the laboratory mouse. Methods Cell Biol. 46, 387±440.differentiation (Tsai et al., 1993). Although Cdk5 is struc-
Ellis, R. E., Yuan, J., and Horvite, H. R. (1991). Mechanisms and
turally related to the cyclin-dependent kinases, which are functions of cell death. Annu. Rev. Cell Biol. 7, 663±698.
critical in regulating progression through the cell cycle, it English, H. F., Santen, R. J., and Isaacs, J. T. (1987). Response of
has been shown to be expressed in vivo in terminally differ- glandular versus basal rat ventral prostatic epithelial cells to an-
entiated postmitotic neurons, rather than in proliferating drogen withdrawal and replacement. Prostate 11, 229±242.
cells (Tsai et al., 1993). The present study shows that Cdk5 Ferguson, M. W. (1993). Death and c-fos. Nature 366, 308.
Gavrieli, Y., Sherman, Y., and Ben-Sasson, A. (1992). Identi®cationis expressed in cells undergoing apoptosis in various devel-
of programmed cell death in situ via speci®c labeling of nuclearopmental models, including the embryonic nervous system,
DNA fragmentation. J. Cell Biol. 119, 493±501.eye, and interdigital regions of the limb. In addition, this
Hamburger, V., and Oppenheim, R. W. (1982). Naturally occuringrelationship is not con®ned to embryogenesis, but is also
death in vertebrates. Neurosci. Comment. 1, 39±55.detected in adult tissues, such as in granulosa cells of atre-
Helminen, H. J., and Ericsson, J. L. E. (1972). Ultrastructural studiestric ovarian follicles and in the prostate in response to
on prostatic involution in the rat: Evidence for focal irreversible
changes in a hormonal environment. This association with damage to epithelium and heterophagic digestion in macro-
apoptosis is not a general property of Cdks, since in the phages. J. Ultrastruct. Res. 39, 443±455.
adult mouse ovary Cdk5 was associated with apoptosing Hellmich, M. R., Pant, H. C., Wada, E., and Battey, J. F. (1992). Neu-
cells in atretic follicles, whereas two other closely related ronal cdc2-like kinase: A cdc2-related protein kinase with pre-
Cdks, Cdc2 and Cdk2, were not. Although our results show dominantly neuronal expression. Proc. Natl. Acad. Sci. USA 89,
that cells dying via apoptotic mechanisms in vivo are asso- 10867±10871.
Herrup, K., and Busser, J. C. (1995). The induction of multiple cellciated with the presence of Cdk5, the speci®c role of Cdk5
cycle events precedes target-related neuronal death. Develop-in the induction and/or progression of apoptosis remains to
ment 121, 2385±2395.be elucidated.
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